Estrogen receptor-mediated transcription is enhanced by overexpression of G1/S cyclins D1, E or A in the presence as well in the absence of estradiol. Excess of G1/S cyclins also prevents the inhibition of transactivation of estrogen receptor (ER) by the pure antiestrogen ICI 182780. Cyclin D1 mediates this transactivation independent of complex formation to its CDK4/6 partner. This raises the possibility that overexpression of G1/S cyclins renders growth of ER-positive breast cancer hormone-independent and resistant to treatment with antiestrogens. Transient transfection of ER-positive breast cancer cell lines T47D and MCF7 with G1/S cyclins could overcome the growth arrest induced by ICI 182780 treatment. The ability of various cyclin D1 mutants to overcome the ICI 182780 mediated growth arrest corresponded with their ability to stimulate cyclin A-and E2F-promoter based reporter activities in the presence of ICI 182780. Transfection of a mutant cyclin D1 (cyclin D1-KE) that was unable to bind CDK4 and was reported to transactivate ER in the presence of ICI 182780, could not stimulate proliferation in ICI 182780 treated cells. On the other hand, cyclin D1-LALA, which is unable to stimulate ERE transactivation, could overcome the ICI 182780 cell cycle arrest. Furthermore, transient transfection of T47D cells using cyclin D1 together with a catalytic inactive mutant of CDK4 (CDK4-DN) indicated that the observed effect is due to binding to CDK inhibitors. However, a moderate, sixfold overexpression of cyclin D1 in stably transfected MCF7 cells did not overcome the ICI 182780 mediated growth arrest. These results indicate that CDK-independent transactivation of the estrogen receptor by cyclin D1 is by itself, not sufficient to result in estradiol-independent growth of breast cancer cells, whereas a vast overexpression of G1/S cyclins is able to do so, most likely by capturing of CDK inhibitors.
Introduction
Normal breast epithelial cells and estrogen receptor (ER) expressing breast cancer cells require estrogens to stimulate proliferation. By acting through the ER, estrogen can regulate the transcription of its responsive genes, which in turn direct cellular proliferation. Therefore, patients with ER-positive breast tumours often undergo adjuvant treatment with antiestrogen tamoxifen. However, in one-third of these patients resistance to treatment with antiestrogens still emerges (Favoni and de Cupis, 1998) . Several breast cancer cell lines have served as a model for estrogen responsive, antiestrogen sensitive breast tumours (Lippman et al., 1976; Musgrove et al., 1993) . These studies reported that antiestrogen treatment or withdrawal of estrogens results in an arrest in the G1 phase of the cell cycle (Sutherland et al., 1983) , implying a central role for cell cycle regulation in estrogen dependent proliferation. In this, transition of the G1 phase of the cell is controlled by the activation of CDK4/6 and CDK2 (Sherr, 1996) . Binding to cyclins activates these CDKs. Active cyclin D-cdk4/6 complexes drive cells through the early G1 phase of the cell cycle, whereas the later G1 phase requires cyclin E-CDK2 activity. CDK-activity is additionally controlled by interaction with two families of CDK inhibitors (CDKi): the INK4 family of proteins (p15/p16/p18/p19) and the KIP family (p21/ p27/p57) (Sherr and Roberts, 1999) . The G1/S-cyclin/ cdk activity promotes cell cycle progression by phosphorylation of key substrates including the retinoblastoma protein (pRb). Hyperphosphorylated pRb can no longer bind to, and thereby suppress the activity of E2F/DP family members that mediate transcription of G1/S phase genes.
Frequent overexpression and amplification of G1/S cyclin genes have been observed in a number of primary breast cancers and in tumour derived cell lines. Cyclin D1 is upregulated in up to 50% of breast cancers (Gillett et al., 1996; Michalides et al., 1996) . Also cyclin E is upregulated in a significant proportion of breast cancers and this is associated with poor prognosis (Keyomarsi et al., 1994; Nielsen et al., 1999) . The relevance of G1/S cyclin overexpression in breast cancer is further strengthened by the finding that tissue-specific transgenic expression of cyclin D1 or cyclin E in mice results in mammary hyperplasia and adenocarcinoma (Wang et al., 1994; Bortner and Rosenberg, 1997) . Consistent with a pivotal role of cyclin D1 in control of growth of breast epithelium, the mammary glands of cyclin D1 knockout mice fail to undergo full development during pregnancy (Fantl et al., 1995; Sicinski et al., 1995) . The above reports illustrate the significance of G1/S cyclin action as transducers for steroid hormone-induced breast cell proliferation. However, recent investigations have shown a potential deviant role for G1/S cyclins in regulating breast cancer cell proliferation. We and others have shown that ER-signalling is not only induced by estrogens, but ER is also activated in a hormone-independent manner by either phosphorylation of serines 104/106 of ER by cyclin A-cdk2 activity (Rogatsky et al., 1999) or by direct physical binding of cyclin D1 with the ER (Zwijsen et al., 1997; Neuman et al., 1997) . Both modulations are thought to promote the interaction between ER and coactivators necessary for ER-dependent transcriptional activation (Rogatsky et al., 1999; Zwijsen et al., 1998) , omitting the necessity for estrogen binding to the ER. This raises the possibility that overexpression of G1/S cyclins renders growth of ER-positive breast cancer hormone-independent and resistant to treatment with antiestrogens. Therefore, we investigated whether estrogen independent transactivation of the ER via overexpression of G1/S cyclins could overcome an ICI 182780 induced cell cycle arrest.
Results

Activation of ER in T47D cells
We examined at first the use of cell line T47D as a genuine model for estrogen responsive, antiestrogen sensitive breast tumours by measuring BrdU incorporation in asynchronous growing T47D cells that were treated with estradiol or with the antiestrogens tamoxifen or ICI 182780. As shown in Figure 1a , antiestrogens inhibit DNA-synthesis in T47D cells. The dependence of breast cancer cell proliferation on exogenous estradiol in the cell culture medium is not absolute, demonstrated by the effect of 5% CTS (charcoal treated serum) on T47D cell proliferation, as was also described earlier (Lippman et al., 1976) . ICI 182780 is a steroidal antiestrogen with no agonist activities (Wakeling et al., 1991) , and it decreased incorporation of 5-Bromo-2'deoxyuridine (BrdU) to approximately 2%. The non-steroidal antiestrogen tamoxifen exhibits both agonist and antagonist activities (Favoni and de Cupis, 1998) . Although it decreased proliferation below that of 5% CTS-treated cells, it was much less potent than ICI 182780. For this reason, ICI 182780 was used as antiestrogen treatment in the remainder of our experiments. Treatment of T47D cells with ICI 182780 reduced cyclin A and cyclin D1 protein levels, reduced the activation of CDK2, as indicated by the Thr-160 band of CDK2, and resulted in a decrease of hyperphosphorylated pRB (Figure 1b) , which is in line with previous reports (Foster and Wimalasena, 1996; Planas-Silva and Weinberg, 1997; Carroll et al., 2000) . The diminished activities of cdk4 and cdk2, as judged by the phosphospecific antibodies pRB249/252 (CDK2) and pRB821 (CDK4), contributed both to this reduction of hyperphosphorylated pRb. These results show that T47D cells are clearly responsive to antiestrogen treatment.
Cyclin D1 and ER mediated proliferation
To determine the effect of cyclin overexpression on antiestrogen sensitivity, plasmids encoding G1/S cyclins were introduced in T47D cells together with a plasmid encoding Green Fluorescence Protein (GFP)-coupled Histone 2B (H2B-GFP) in a ratio of 10 : 1. This enabled us to test various combinations of input DNA using GFP expression as a marker of transfected cells (Strobeck et al., 2000) . The ability of these transfected Cyclin D1 protein is normally very unstable with an estimated half-life of 530 min. Cyclin D1 turnover is regulated by phosphorylation on threonine-286 followed by ubiquitination and proteosomal degradation (Diehl et al., 1997) . Mutation of threonine-286 to an alanine residue (cD1-T286A) results in a markedly stabilized protein, which remains nuclear throughout the cell cycle. In sharp contrast to wild type cyclin D1, this stabilized cD1-T286A protein is able to induce cellular transformation and promote tumour growth in immune compromised mice (Alt et al., 2000) . We investigated whether this cD1-T286A is also more potent in inducing ER-transactivation and DNA synthesis in ICI-treated T47D cells. We found that overexpression of this mutant protein, cD1-T286A, had an even higher ability to stimulate ER-activation (7.8-fold) than wild type cyclin D1 (5.6-fold) ( Figure 2a Cyclin D1 stimulates ER-activation independent of cdk4/6 activity (Zwijsen et al., 1997; Neuman et al., 1997) , whereas also overexpression of cyclin E and cyclin A could stimulate estrogen-independent transactivation of ER (Rogatsky et al., 1999) . We confirmed these previous findings using the several cD1-mutants in our present transfection protocol (Figure 2a,b) . Strikingly, we found that transfection of a mutant cyclin D1 that was unable to bind CDK4 (cyclin D1-KE) but which transactivates ER in the presence of ICI 182780, could not stimulate proliferation in ICI 182780 treated cells. On the other hand, cyclin D1-LALA, which is unable to stimulate ER transactivation (Zwijsen et al., 1998) , could overcome the ICI 182780 induced cell cycle arrest (Figure 2a ). These findings indicate that CDK-independent transactivation of the estrogen receptor by cyclin D1 is not responsible for the observed resistance to antiestrogen treatment in breast cancer. Therefore, an alternative mechanism must be responsible for the ability of cyclin D1 overexpressing breast cancer cells to overcome an ICI 182780 mediated growth arrest. As a likely possibility, we examined whether excess cyclin D1/CDK complexes could act by titrating CDK-inhibitors away from endogenous CDKs resulting in their activation. Such a mechanism was strongly suggested from experiments showing that even kinase-inactive mutant forms are able to bind CDK inhibitors and thereby re-activating endogenous CDKs in synergism with exogenous cyclin D1 (Latham et al., 1996; Haas et al., 1997; Latella et al., 2001) . To test this hypothesis, T47D cells were transfected with cyclin D1 and kinase inactive CDK4 mutant, CDK4-DN (van den Heuvel and Harlow, 1993) (Figure 2a ). This combination was ineffective in estradiol-independent transactivation of the ER receptor (Zwijsen et al., 1997; Figure 2a) . However, transient expression of cyclin D1 and CDK4-DN induces ICI 182780 resistance in T47D cells (Figure 2a) , indicating that the most likely mechanism by which cyclin D1 induces antiestrogen resistance is by sequestrating CDK-inhibitors. This finding extends other reports, which show that antiestrogenic treatment leads to a reduced cyclin D1 expression and a consequent shift of CDKi p21 and to a lesser extent, p27 from the cyclin D1-cdk4/6 complexes to cyclin E-cdk2 complexes (Planas-Silva and Weinberg, 1997; Carroll et al., 2000) . This redistribution of CDKi could be counteracted by antisense p21 and p27 treatment that also abrogates antiestrogen-mediated cell cycle arrest (Carroll et al., 2000; Cariou et al., 2000) .
Functioning of promoter cyclin A and antiestrogen sensitivity
Since the protein level of cyclin A was reduced upon ICI 182780 treatment of T47D cells (Figure 1b) , we examined whether transient overexpression of cyclin D1 could overcome this ICI 182780 mediated downregulation of cyclin A using a 77300/+11 nt cyclin A promoter-luciferase construct (Schulze et al., 1995) as a reporter of cyclin A transcription. ICI 182780 treatment resulted in a strong reduction of cyclin A promoter activity in control T47D cells (Figure 3a) . Transient overexpression of wild type cyclin D1 could abolish the ICI 182780 mediated reduction of cyclin A promoter activity (Figure 3b ). Furthermore, a positive correlation was observed between the ability to stimulate DNA synthesis and activation of the cyclin A promoter by cyclin D1 mutants (Figure 2a and 3b) . These results indicate that transient overexpression of cyclin D1 is able to retain normal cyclin A transcription in ICI 182780 treated T47D cells, whereas cyclin A promoter activity is downregulated in T47D control cells.
Transient and stably transfected cyclin D1 and ER-mediated proliferation in MCF7 cells
Our results clearly showed that G1/S cyclins could confer antiestrogen resistance to T47D cells in a shortterm assay (548 h). In these short-term assays, supraphysiological levels of G1/S cyclins are reached. We therefore also examined whether G1/S cyclin overexpression under more physiological conditions was sufficient for antiestrogen insensitivity in breast cancer cells. For that purpose, we used MCF7/3 cells, G1/S cyclins overcome effect of antiestrogens EMJ Bindels et al which have a sixfold overexpression of cyclin D1 when cultured in the absence of tetracycline (7Tet) and express only endogenous cyclin D1 in the presence of tetracycline (+Tet) (Zwijsen et al., 1996) . MCF7/3 cells overexpressing cyclin D1 exhibit an accelerated entry into S phase, a reduced serum-dependence (Zwijsen et al., 1996) , a higher incorporation of ( 3 H)-thymidine (see Figure 4a,b) , an elevated level of cyclin A protein (compare zero day time points in Figure 4c) , and an elevated phosphorylation of pRb and in vitro cdk2 kinase activity (data not shown) as compared to MCF cells with a normal level of cyclin D1. However, ICI 182780 treatment inhibited cellular proliferation of MCF7/3 cells with and without overexpression of cyclin D1 (Figure 4a,b) , as we also reported previously (Pacilio et al., 1998) . Also stable transfectants of MCF7 cells with an ectopic overexpression of cyclin E under a CMV-promoter could not overcome antiestrogen treatment in long-term assays (data not shown). The observed cell cycle arrest in MCF7/3 cells with a stable overexpression of cyclin D1 was not due to a downregulation of the ectopically expressed cyclin D1 (see Figure 4c) . However, ICI 182780 treatment of MCF7/3 cells markedly reduced cyclin A protein levels irrespective of cyclin D1 levels (Figure 4c ). This suggested that stable, sixfold overexpression of cyclin D1 was not sufficient to overcome the reduction of cyclin A protein levels after antiestrogen treatment. Transient transfection of cyclin D1 in the parental MCF7 cells yielded the same effects on BrdU incorporation and activation of a cyclin A promoter (789/+11nt) based reporter activity in the presence of ICI182780 (Figure 5a,b) as was observed in T47D cells (Figures 2 and 3) . The ability of cyclin D1 mutants to stimulate cyclin A promoter activity in the presence of ICI 182780 was reduced when the cyclin A promoter lacked the E2F binding site in the promoter -reporter construct (Figure 5b ). This indicated that cyclin D1 stimulated cyclin A promoter activity, at least in part, via E2F.
Discussion
The results of this study indicate that transient overexpression of G1/S cyclins can overcome an ICI 182780 mediated cell cycle arrest. In case of cyclin D1, the observed antiestrogen insensitivity was not caused by CDK-independent activation of ER, but was likely due to sequestration of CDKi's by the vast excess of the exogenous cyclin D1. Why hormone-independent activation of the ER by cyclin D1 does not auto- matically result in hormone-independent growth is puzzling. We argue that the 5 -6-fold activation of ER by cyclin D1 (Figure 2a ) is either not enough as compared with the 25 -30-fold activation of ER by estradiol (Figure 3a) to give a high enough expression of S-phase genes, or that only a subset of ERresponsive genes is activated by the ER/cyclin D1 interaction. This hypothesis is fortified by the observation that in lactating breast cells cyclin D1 needs costimulation with cAMP for ER-transactivation (Lamb et al., 2000) . Furthermore, the present and our previous results (Pacilio et al., 1998) suggest that a stable, sixfold overexpression of cyclin D1 was too low to retain the resistance to antiestrogens. Alternatively, recent research has shown that besides cyclin D1, the CDK2 activating kinase CDC25A is also a potential target of antiestrogens (Cangi et al., 2000; Foster et al., 2001) , suggesting that ectopic expression of cyclin D1 alone might not be sufficient to induce antiestrogen resistance. However, also ectopic expression of a constitutively active cdk2 mutant, CDK2-AF (Gu et al., 1992) , or of CDC25A did not yield antiestrogeninsensitive proliferation in T47D cells, nor did they act in synergy with cyclin D1 (data not shown). It was furthermore shown that cyclin E expressed under the control of the natural cyclin D1 promoter (cyclin E?D1 knock-in) can rescue the defects in the mammary gland development that are associated with cyclin D1 nullizygosity (Geng et al., 1999) . This casted further doubt on the pivotal role of cyclin D1 in mammary gland development and suggested that cyclin E is a key regulator in mammary gland development and possibly also contributes to antiestrogen resistance in ER-positive breast cancer cells. But also here we found, however, that cyclin E overexpression could overcome an ICI 182780 induced cell cycle arrest only in transiently transfected cells.
Our present results clearly show that a vast overexpression of G1/S cyclins contributes to antiestrogen resistance. The mechanism behind this is a sustained E2F activity leading to transition through the ICI 182780 mediated growth arrest (see also Figure 5b ). Essential to this is overexpression of G1/S cyclins, as is demonstrated in this study in which cell lines with a wild type pRb have been used. A similar effect has been reported for introduction of antisense p21 or p27 (Carroll et al., 2000; Cariou et al., 2000) , and of a SV40 large T mutant that results in inactivation of pRb, leading to sustained E2F activity (Varma and Conrad, 2000) . Translating these findings to the clinical situation, it is remarkable that overexpression of cylin A and absence of Rb expression in the primary breast cancer have been associated with failure to tamoxifen treatment in large series of breast cancer cases (Michalides et al., 2002; Anderson et al., 1996) . In the former study cyclin D1 overexpression, however, was not found to be associated with tamoxifen resistance. This may be due to either a non-sufficient level of overexpression of cyclin D1, induction of apoptosis by overexpression of cyclin D1 (Sofer-Levy and Resnitzky, 1996) , or due to cyclin D1 mediated induction of p21 that counterbalances the effect of overexpression of cyclin D1 (Hiyama et al., 1997; de Jong et al., 1999) .
The effect of antiestrogens is influenced by the various ways of ER activation; estrogen independent, but still ERE dependent activation of ER by Protein kinase C and MAP kinase overcomes in part the effect of antiestrogens (Ali and Coombes, 2002) . Furthermore, ER dependent stimulation and antiestrogen mediated inhibition of DNA synthesis also occurs independent of ERE when ER directs association between Ras -Raf1 and results in MAP kinase signaling. This mechanism is, however, still depending MCF7 cells were transfected with the various cyclin D1 mutants and H2B-GFP and subsequently cultured in the presence of 5% CTS containing ICI 182780. The ability of H2B-GFP expressing cells to replicate DNA was then assayed by BrdU incorporation using immunofluorescent visualization as described in Materials and methods. Cyclin D1 and cyclin D1-T286, but not cyclin D1-KE can overcome an ICI 182780 mediated growth arrest. (b) Effect on 182780 mediated downregulation of cyclin A transcription. Transfected MCF7 cells were cultured for 48 h in the presence of 5% CTS and ICI 182780 and cell lysates were then tested for the ability to activate cyclin A-promoter constructs containing either the 789/+11 nt region of the cyclin A promoter (cA-luc) or the 789/+11 nt region lacking the E2F binding sites (cA dE2F-luc) (Zerfass-Thome et al., 1997), as described in Materials and methods. Cyclin D1 and cyclin D1-LALA can overcome the ICI 182780 mediated downregulation of a cyclin A promoter -reporter construct, which is, in part, sensitive to E2F binding on estrogen (Castoria et al., 1999) . The present study indicates deregulated control over G1/S cyclin activity as another putative cause of antiestrogen resistant proliferation in breast cancer, in addition to the various defaults in ER activation (Ali and Coombes, 2002) .
Materials and methods
Proliferation assay and transfection of T47D and MCF7 cells
For transient transfections, 4610
5 cells were plated in 6-well culture dishes containing coverslips and incubated overnight. The expression vectors used in the transient transfection studies were pCMV-cyclin D1, cyclin A, cyclin E, cyclin D1-KE and cdk4 described by Hinds et al. (1994) , pCMV-cyclin D1-Lala (Zwijsen et al., 1998) , pCMV-cyclin D1-T286 (Diehl et al., 1997) , pCMV-cdk4DN (Gu et al., 1992) , and ERE-tk luciferase (Zwijsen et al., 1997) . One mg of plasmid DNA was added to the cells using Lipofectamine Plus reagents (Invitrogen) following the protocol of the manufacturer. In the BrdU experiments, co-transfections were done using 4.5 mg input DNA plus 0.5 mg H2B-GFP DNA (Kanda et al., 1998) . After 3 h, the transfection medium was replaced by phenol red free DMEM containing 5% Charcoal Treated Serum (CTS) and 100 nM ICI 182780 (Tocris, UK). Next, cells were cultured for an additional 45 h. The last 4 h, cells were pulse labelled with 35 mg/ml 5-Bromo-2'deoxyuridine (BrdU) (Roche) for 4 h. Cells were fixed and BrdU-positive nuclei were visualised as described by Strobeck et al. (2000) . Proliferative activity was determined by counting BrdUpositive nuclei at a total of 4100 nuclei in random areas in non-transfected cells and of at least 100 transfected cells (GFP-positive).
For 3 [H]-Thymidine incorporation, cells were seeded in 24-well plates (10 000 cells/well), 24 h later the medium was replaced with fresh ones with or without ICI 182780 and cultured for the indicated period of time.
3
[H]-Thymidine (2 mCi/ml) incorporation was evaluated by 1 h pulses. Thereafter, 400 ml of 1M ascorbic acid was added to the medium, the cells were kept at 48C for 4 h, were then incubated with trichloroacetic acid, TCA, (5%) at 48C for 15 min, and washed with ice-cold TCA. Cells were then lysed with 300 ml of 0.1 N NaOH for 30 min at room temperature, and radioactivity of a 250 ml aliquot was measured with a liquid scintillation counter.
Antibodies used
Expression of proteins in cells, control and ICI 182780 treated was examined by SDS -PAGE (Laemmli, 1970) , (7.5 or 12.5% acrylamide) followed by Western blot analysis with antibodies against cyclin A, cyclin E, CDK2, (Santa Cruz), cyclin D1 (Progen), pRb (Pharmingen), pRb 249/252, pRb 821 (Biosource) and g-tubulin (Sigma). Immunoreactive proteins were detected using an ECL detection kit (Amersham).
Luciferase reporter assays
A Firefly luciferase construct carrying the region 77300 to +11 of the cyclin A promoter region (Schulze et al., 1995) was used to measure the ability of cells to transcribe cyclin A. We also used the shorter cyclin A promoter -reporter construct, containing the 789/+11nt fragment of the cyclin A promoter and the same fragment lacking the E2F binding site in that region (Zerfass-Thome et al., 1997) . For their ability to transcribe ERE containing genes, we used the EREtk-luciferase construct as described by Zwijsen et al. (1997) . T47D cells were transiently co-transfected with 4 mg cyclin plasmid DNA, 1 mg promoter cyclin A-luc or 1 mg ERE-tkluc and 5 ng SV40 Renilla luciferase using Lipofectamine Plus (Invitrogen). After 3 h, cells were washed and treated with phenol red free DMEM containing 5% CTS, 10 nM estradiol and either or not 100 nM ICI. After 48 h, cells were washed with PBS and subsequently lysed in 500 ml Passive Lysis Buffer. Cellular debris was removed by spinning at 14 000 r.p.m. in a microcentrifuge for 2 min. The supernatant was stored at 808C until use. The Firefly luciferase reporter and Renilla luciferase (internal control) activities of 15 ml of lysate were measured employing the Dual Luciferase Reagent Assay Kit (Promega) using 75 ml of LARII and 75 ml of Stop and Glo buffers. Luminescence was determined in a luminometer (Berthold). Results are represented as mean+s.d. from a triplicate experiment.
